& Steadman in press).
In the present study, our purpose is two-fold: to describe the forest species assemblages on these littlestudied makatea formations, and to relate species composition gradients to environmental variables. In addition, we wish to answer the following question: given four geomorphologically similar islands, can a general vegetation classification system be defined, or do interisland floristic differences have an overriding effect on community composition? We addressed these objectives by applying classification and ordination methods to species composition and environmental data from 74 forest sites. Compositional variation was related to environmental variables by calculating correlation coefficients between the environmental variables and ordination axes derived by detrended correspondence analysis (DCA). Finally, canonical correspondence analysis (CCA) was used to relate the samples directly to the measured environmental variables.
Study area
The southern Cook Islands lie at the southern edge of the persistent trade wind zone of the South Pacific. Winds are most frequently from the east and southeast. Mean annual temperature is 24 to 26 ?C, with a greater diurnal than annual range. Rainfall is markedly seasonal with two thirds of the rain falling between November and April. The long-term average annual rainfall is between 1900 and 2050 mm for the southern Cook Islands (Thompson 1986 In general, the makatea vegetation of the southern Cook Islands has been described as grading from littoral strand and coastal scrub communities to the taller forest of the upland makatea. The canopy consists mainly of widespread Polynesian littoral species, and a few endemics (Whistler 1988 (Whistler , 1990 Merlin 1991 ).
Methods
We hypothesized, based on field reconnaissance, that environmental variation on the makatea has affected the establishment and survival of forest canopy species in different ways. Although environmental factors could not be sampled exhaustively, we recognized the following gradients: (a) maritime influence (salt spray and wind desiccation) decreased with increasing distance from the coast and with leewardness (due southeast was considered the extreme windward position in this study); and, (b) soil qualities also vary with distance from the coast. (All sites were located on coralline limestone, but inland sites were located on pit and pinnacle karst with volcanically derived soil in the fissures, while on coastal terraces the limestone was more eroded, and the soil contained more sand.) Depth to and salinity of the water table are probably correlated with distance from the coast and elevation. Also, introduced species tended to be located nearer to cultural features such as roads or tracks. We expected that the species composition of sites would be related to these geographical variables.
Sample site locations were chosen to represent the range of environmental variables analyzed in the study. Stratification was based on field reconnaissance and air photos. Sites were sampled using the point-centered quarter method (Cottam & Curtis 1956) 
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The clustering technique applied to the species in sites data was Two-Way Indicator Species Analysis were analyzed by DCA (detrended by segments) using the computer program CANOCO (ter Braak 1987b). Finally, a direct ordination technique, canonical correspondence analysis (CCA), was performed using CANOCO. CCA constrains the axes to be linear combinations of environmental variables, and maximizes the dispersion of species scores by the method of reciprocal averaging using iterative multiple regression of site scores on environmental variables (ter Braak 1986, 1987b). Ter Braak (1986) suggests using DCA and CCA together to see how much of the variation in the species data is accounted for by the environmental data. The Mangaia sites were included in the CCA as passive samples because environmental data were not available. (Fig. 2) reveals that sites tend to cluster into four main groups:
Results

Inspection of the dendrogram produced by TWIN-SPAN
I. Pandanus/Guettarda littoral forest
The first division in the dendrogram separates the littoral forest sites dominated by Pandanus tectorius and Guettarda speciosa from all other sites. The majority of the sites on Miti'aro (sites 30-47) and Ma'uke (sites 48-54) fall into this category. This group is further differentiated into (IA) with Pisonia grandis as a dominant; (IB) also with Casuarina equisetifolia, considered to be an aboriginal introduction in this study; (IC) also with Calophyllum inophyllum; and (ID) without Pisonia grandis or C. inophyllum but with Ficus prolixa and Pipturus argenteus as codominants (this group composed only of sites from Mangaia). It has been suggested that C. inophyllum is rare on Mangaia as a result of human impact (Merlin 1991 
II. Barringtonia littoral forest
This type consists of almost pure stands of Barringtonia asiatica and was sampled on all islands but Miti'aro (although site 41 from Miti'aro is transitional between types II and IV).
III. Hernandia nymphaeifolia littoral forest
This type is dominated by Hernandia nymphaeifolia and is composed of sites from Atiu and Mangaia, the two larger, higher islands.
IV. Makatea forest
This type is dominated by Hernandia moerenhoutiana and Elaeocarpus tonganus, and is also composed of sites from Atiu and Mangaia (with one site from Miti'aro, 41, mentioned above). Table 1 The patterns of environmental variables within types (Fig. 3) are ambiguous because of the small variance in the observed values (especially distance to disturbance and to the coast), but some trends are evident. Littoral types IB, II and III only occurred close to the coast and (Fig. 4) , the sites tend to group into the types and subtypes described above. The ordination biplot displays graphically which sites are transitional in their composition between the types differentiated by clustering. The first DCA axis is associated with increasing Barringtonia (Ba) and decreasing Casuarina (Ce), and the second axis with increasing Hernandia nymphaeifolia (Hn) and decreasing Calophyllum inophyllum (Ci) and Ficus prolixa (Fp). Table 2 shows that eigenvalues, at least for the first DCA axis, were relatively high (this ordination axis captured a large portion of the variation in species composition among sites), but the speciesenvironment correlation coefficients were low for the DCA axes. The species-environment correlation is "the correlation between the site scores which are weighted species scores and the site scores which are linear combinations of environmental variables" (ter Braak 1986 p. 1169). The ordination axes based on the species data alone were not strongly related to the measured environmental variables.
The species-environment correlations are slightly higher for the CCA axes (Table 2 ). This is expected as the axes in CCA are calculated based on species scores and environmental variables. Correlation coefficients indicate that the measured environmental variables do account for some of the species variation. However, the eigenvalues for the CCA axes are substantially lower than for DCA (Table 2) suggesting that important site variables have not been measured. The correlations of the environmental variables with the CCA axes (Table 3) provide the following interpretation for the CCA ordination diagram shown in Fig. 5 : axis 1 is increasingly coastal, disturbed and leeward, and axis 2 shows increasing elevation and distance from the coast. Axis 3 (not shown in Fig. 5 ) is increasingly leeward. However, intraset correlations are low (Table  3) . Some arching is apparent in the CCA biplot (Fig. 5 , axis 2 has a quadratic relationship to axis 1), but detrended CCA (detrended by segments) yielded essentially the same results (DCCA, Table 3 ) and pattern of species and sites distributed on the ordination axes (not shown).
In the CCA ordination (Fig. 5) , the position of sites relative to each other is similar to the DCA ordination (Fig. 4) , although the dispersion of sites is different. Type I sites occupy more of the ordination space defined by the first two axes, while Type II occupies less. The only major difference in the pattern of sites in the two ordinations was that Types IC and ID did not occur in separate groups in the CCA ordination. This was presumably because the Mangaia sites (comprising ID) were passive and therefore had no influence on the extraction of the ordination axes, but were added afterwards using transition formulae (ter Braak 1987b). The position of the groups of sites relative to the environmental vectors (Fig. 5) Although the objective definition of discrete vegetation types is important for vegetation and habitat mapping, the ordinations show both strong differentiation of the four major types based on species composition, and continuous variation in species abundance among some types (IC, ID and IV, and IA and IB). An understanding of the variations within and transitions between vegetation types is also important for ecosystem inventory (Noss 1987 ). This variation can be related to plant species turnover along environmental gradients using environmental data (e.g. the transition from IA to IB may be related to a disturbance gradient, and from IC and D to IV related to increasing distance from the coast and leewardness). However, in our study the relationship between environmental variables and species composition is somewhat weak. There are several possible explanations for this.
The geographical variables that were measured may not have adequately sampled the underlying environmental gradients, either because the spatial sampling scale (100 m transects) was too coarse, or the geographical attributes were not good surrogates for environmental variability (e.g. soil and micrometeorological properties). Many studies have shown soil properties to be heterogeneous over a distance of a few meters ( Stochastic processes (colonization events and disturbance regimes) may determine the presence or absence of a species on a particular island. However, although only 10 of the 38 indigenous or aboriginally introduced woody species sampled in this study were sampled on all four islands, 28 of them are known to occur on all four islands (A. Whister unpubl. data; Sykes 1976c). Therefore, it is a sampling artifact that rarer but widespread species were not found in our sites. For example, on Ma'uke, where only seven sites were established, several common species, known to occur there, were not sampled (Hernandia nymphaeifolia, Calophyllum inophyllum, Aleurites moluccana, Pisonia grandis and Canthium barbatum). While 10 species were only sampled on one of the two larger islands, Atiu or Mangaia, six of those occur on all four islands, and two more on at least two islands. Of the species sampled on only one island, only Ficus tinctoria was dominant (>75% basal area) at any sample (site 71 on Mangaia). In summary, the inter-island patterns of composition did not have a primary effect on the ordination or the definition of types.
The inter-island pattern of greatest ecological interest is the absence of the makatea dominants Elaeocarpus tonganus and Hernandia moerenhoutiana from sample sites on the smaller islands, Ma'uke and Miti'aro (although H. moerenhoutiana is known to occur on Miti'aro), perhaps indicating the lack of suitable habitat. The remaining mysterious pattern is the absence of Pisonia grandis as a littoral dominant on Mangaia (although others have noted that it is locally abundant there; A. Whistler pers. comm.). In spite of the fact that sites from an island tended to cluster together, general patterns of the distribution of species on all four islands were revealed. Most types occurred on at least two islands. In the only case where a type was restricted to one island (due to the presence or absence of a species), it occurred as a subtype (e.g. ID on Mangaia) of a more general category (I, Pandanus/Guettarda littoral forest). In other cases where a type was present on only some of the islands, it could be explained in terms of environmental or terrain differences (e.g. types III and IV occur on Mangaia and Atiu which are much larger, higher makatea islands than Ma'uke and Miti'aro).
The rugged makatea on Atiu, Mangaia, Ma'uke and Miti'aro supports several forest associations that are distinct at our sampling scale where alien species are present but not dominant, as has been found for more continental austral forests in Australia, Madagascar and New Zealand (Holland & Olson 1989) . Quantitative descriptions of their composition can be used in mapping and monitoring these vegetation associations and the fauna they support.
